THE tight junction or zonula occludens was first described in epithelia over 20 years ago (Farquhar and Palade, 1963) . Since then, a large number of studies have been carried which show that the structure, composition, and regulation of this specialized region of plasma membrane is critical to the barrier function of these epithelia. In addition to serving as a permeability barrier, delimiting luminal and abluminal compartments, the tight junction also plays an important role in segregating the surface membrane into apical and basolateral domains with respect to their composition and function . Because of the relative ease with which electrophysiological measurements can be used to monitor the functional integrity of isolated mucosal membranes and epithelial cell monolayers cultured in vitro, much of the information of the biology of tight junctions is derived from epithelial rather than endothelial cells. In fact, our knowledge of the biochemistry and physiology of endothelial tight junctions is relatively superficial and requires additional exploration. The purpose of the present review is to provide an overview of the structure and composition of tight junctions and to summarize some of the factors which influence their function. While the principal focus will be on epithelial tight junctions, wherever possible, information on endothelial tight junctions will be included.
It should be noted that the use of the term "right junction" is somewhat misleading, since these junctions vary considerably in their permeability properties, and some are, in fact, quite leaky. Although the term "occluding junction" is a more accurate description, the more widely used term "tight junction" will be used throughout this review.
Structure of the Tight Junction
Epithelium Palade (1963, 1965) , in describing the morphology of juncrional complexes in a variety of epithelia, distinguished three components: (1) a discontinuous zonula adhaerens, (2) a distal buttonlike macula adhaerens or desmosome, and, as the most apical component, (3) the tight junction. In most instances, the tight junction (zonula occludens) forms a continuous, gasket-like seal near the apices of adjacent cells in an epithelium, which results in a permeability barrier between luminal and abluminal compartments. Exceptions to this, however, include the choroid plexus and the pigment epithelium in the retina, where the tight junctions are near the basal side of the intercellular space (Revel, 1982) .
The ultrastructural appearance of tight junctions in thin-sectioned, plastic-embedded tissue consists of a series of punctate contacts in which the outer leaflets of the adjacent unit membranes appear to fuse, thereby eliminating the intercellular space (Staehelin, 1974) . The passage of extracellular, electron-dense tracers between luminal and abluminal compartments is restricted to a varying degTee by these membrane contacts Karnovsky, 1968, 1971; Goodenough and Revel, 1970; Machen et al., 1972; Schneeberger and McCormack, 1984) .
Freeze fracture studies show that tight junctions consist of a belt-like network of varying complexity, of linearly arranged particles and/or strands ( Fig.  la) (Staehelin, 1974; Simionescu et al., 1975 Simionescu et al., , 1976 Schneeberger and Karnovsky, 1976) . During freeze fracturing, cell membranes are split along their hydrophobic plane revealing the inner aspect of the protoplasmic (P face) or the outer exoplasmic (E face) leaflet of the cell membrane. In fixed tissues, the epithelial tight junction elements partition primarily onto the P face, leaving a complementary network of grooves on the E face. It has been claimed that, in leaky epithelia, such as the choroid plexus, a fragmented appearance of tight junction strands on the P face could provide a structural explanation for the relatively high permeability of these junctions (van Deurs and Koehler, 1979 Schneeberger et al.: j Cell Sci 32: 307-324, 1978. 82 ,000 x. Panel c: tight junction from the arterial segment of the rat pulmonary vascular bed. In contrast to epithelial tight junctions, those between endothelial cells contain rows of particles in grooves on the E face (arrow head) and a few sparse particles on low ridges on the P face (arrows). There is a striking association of gap junctions (C) with these arteriolar tight junctions. From Schneeberger: Circ Res 49: 1102 -1111 However, caution is required in the interpretation of such results, since it is not at all clear at present precisely what relationship these intramembranous tight junction strands have to the permeability barrier between cells (Revel, 1982) . The analysis of mirror image replicas is essential in order to establish whether the tight junction strands are continuous; such observations have correlated quite well with parallel physiological measurements (Schneeberger et al., 1978; Olver et al., 1981) . Interpretation of freeze fracture data is complicated by the fact that fixation can have a profound effect on the partitioning of tight junctions during freeze fracturing (van Deurs and Luft, 1979) ; in unfixed epithelia for example, tight junction strands are present on the E rather than the P face (Revel, 1982) . This suggests that fixation prior to freeze fracture alters the nature of the interaction of the tight junction structures with other membrane components. In forming a tight junction, it is possible that both cells of an adjacent pair contribute junctional strands, but whether these are precisely in register (Wade and Kamovsky, 1974) or offset (Bullivant, 1978; Knutton et al., 1978 ) is a matter for further study. In some tissues in which the epithelia consist of a number of different types of cells (Sardet et al., 1979; Schneeberger, 1980; Madara and Trier, 1982; Schneeberger and McCormack, 1984) , the freeze fracture morphology of the tight junctions is remarkably heterogeneous. Such a system offers an interesting model in which to determine which cell of a dissimilar pair engaged in junction formation determines the structure of the junction. Limited evidence presently available indicates that, at least in pulmonary airways (Schneeberger, 1980) and intestine (Madara and Trier, 1982) , mucus-secreting cells, rather than ciliated or absorptive cells, determine the structure of shared tight junctions.
It is of interest that tight junctions appear to be localized in a cholesterol-poor region of the cell membrane. Evidence for this was obtained from the studies of Friend and Bearer (1981) in which filipin-sterol complexes were shown to be excluded from the immediate vicinity of normal Sertoli-Sertoli cell tight junctions. An alternative interpretation for these images is that the tight junction elements act as a permeability barrier which prevents access of filipin to sterols in this region of the membrane, since altering the permeability of these junctions can lead to the formation of filipin sterol complexes within the compartments of the tight junction network.
Endothelium
There are certain important differences in the morphology and behavior during freeze fracture between epithelial and endothelial tight junctions. In contrast to epithelial tight junctions, those between endothelial cells are often located at the midpoint rather than the apex of the intercellular space. Furthermore, during freeze fracture the endothelial tight junction particles preferentially partition onto the E face where they are present in shallow grooves, leaving particle-poor ridges with a narrow apical groove on the P face. Unlike epithelial tight junctions, which form smooth, interconnected strands, those between endothelial cells remain particulate regardless of the length of time of fixation. Furthermore, the structure of the endothelial tight junction varies with the segment of the vascular bed examined (Simionescu et al., 1975 (Simionescu et al., , 1976 Schneeberger, 1981) . On the arterial side, prominent gap junctions are present within the spaces of an elaborate, particulate tight junction network (Fig. lc) . On the venous side, by contrast, gap junctions are few or absent, and the tight junction grooves (E face) and ridges (P face) are often devoid of junctional particles. As in venular segments, the ridges and grooves of the venous tight junction appear focally discontinuous. Capillary endothelial tight junctions usually consist of one to three continuous, interconnected rows of particles which are not associated with gap junctions. These observations, together with earlier tracer studies, have led to the suggestion that the intercellular junctions of postcapillary venules are the most permeable to water-soluble solutes (Palade et al., 1979) .
Formation of the Tight Junction
The first indication of the formation of tight junctions, in both cultured cells (Polak-Charcon, 1978; Montesano, 1980) and in embryos and fetuses (Revel and Brown, 1975; Montesano et al., 1975; Schneeberger et al., 1978; Suzuki and Nagano, 1979) , is the appearance, near the apex of the lateral cell surface, of a broad, raised zone of particle-free plasma membrane. This zone already displays a quilt-like pattern of low P face ridges and shallow E face grooves. It is uncertain whether the adjacent cell membranes are in contact at this early stage, but there is a measurable reduction in the width of the intercellular space in the area of the putative tight junction.
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As the junction evolves, small clusters of intramembranous particles appear in this area arranged as interrupted rows of particles which then transform into short strands and, eventually, are assembled into an anastomosing network typical of the mature tight junction. Clusters of particles resembling gap junctions are observed within the network of some areas of the developing tight junctions (Revel et al., 1973; Schneeberger et al., 1978) , but these disappear as the epithelial tight junction matures. As shown in the developing fetal lamb lung (Fig. lb) , in which the structure of freeze-fractured epithelial tight junctions was correlated with parallel physiological permeability measurements carried out on the same lung, epithelial tight junctions, even when represented by single rows of particles, were functionally tight (Schneeberger et al., 1978; Olver et al., 1981) .
Little is known about the development of endothelial tight junctions. In fetal lambs, at 45 days' gestation (term is 147 days), when the epithelial right junctions are incomplete and particulate, those between endothelial cells of adjacent capillaries are similar in structure to those observed in mature animals (Schneeberger, unpublished observations) . Whether at this stage of development the segmental differentiation of endothelial tight junctions has occurred in the venous and arterial segments of the vascular bed, as observed in mature animals (Simionescu et al., 1975 (Simionescu et al., , 1976 Schneeberger, 1981) , remains to be established. In contrast to epithelial tight junctions, however, the close association between gap junctions and tight junctions persists in the adult animal and is particularly prominent between endothelial cells lining the arterial portion of the pulmonary vascular bed ( Fig. lc) (Schneeberger, 1981) .
Composition of Tight Junctions
Investigation of the molecular nature of tight junction strands has been hampered by difficulties in obtaining purified preparations of these structures for biochemical analysis. Whereas there has been a tacit assumption that protein is the major component of the tight junction strands, alternate models have been proposed in which tight junction strands consist of cylindrical, inverted lipid micelles (Miller, 1980; Kachar and Pinto da Silva, 1981; Kachar and Reese, 1982) . Evidence for this model was derived, in part, from the analysis of freeze fracture replicas of lipid vesicles, composed solely of various combinations of lipids and incubated in the presence of Ca ++ . In such vesicles, rows of intramembranous particles, resembling those observed in unfixed tight junctions, were present (Cullis and De Kruijff, 1979) . Such particles were interpreted to be intermediary structures of inverted hexagonal II (H M ) phase lipid micelles sandwiched between the two monolayers of the lipid bilayer. The idea that tight junction elements might be of a similar nature was introduced to explain the striking proliferation of tight junction strands which occurred when freshly isolated prostate columnar epithelial cells were cultured for 5-10 minutes in the presence of either a protein synthesis inhibitor or a metabolic uncoupler (Kachar and Pinto da Silva, 1981) . The design of these experiments did not, however, rule out the possibility that these tight junction strands were assembled from preformed proteins already present in the plane of the membrane, and it left the question of the biochemical nature of tight junction strands unresolved.
Evidence that proteins are somehow involved in tight junction formation comes from the elegant studies of Griepp and her colleagues (1983) . Using the canine kidney epithelial cell line MDCK, determination of transepithelial electrical resistance was used as a measure of tight junction formation. Following trypsin-EDTA dissociation, the development of tight junctions was completely and reversibly prevented by the addition of the protein synthesis inhibitor cyclohexamide at the time of plating, but not when the inhibitor was added more than 10 hours after plating. The requirement for protein synthesis was eliminated if the cells were placed in spinner cultures for 24 hours before plating, but was again present if these spinner cultures were treated with trypsin before plating. These results suggested that tight junction formation consists of a synthetic and an assembly phase. Since actinomycin D, an inhibitor of mRNA synthesis, prevented tight junctions from forming only in cells derived from sparse monolayer cultures, and not from cells grown in confluent monolayer or spinner cultures, it was concluded that mRNA coding for proteins involved in tight junction formation is stable except in actively growing, sparsely plated cells. Furthermore, its resynthesis did not require intercellular contacts. Once steady state resistance had been reached, the addition of cycloheximide or actinomycin D to the culture did not lead to a decay in resistance. These observations suggested to Griepp et al. (1983) that proteins are involved in the formation of tight junctions, and that their turnover rate is slow under steady state conditions. They can be destroyed by trypsinization, but can be resynthesized without cell-cell or cell-substrate contact. It should be noted, however, that the inhibition of tight junction formation by protein synthesis inhibition does not prove that those proteins themselves are an integral part of the tight junction structure.
A more direct approach to the question of the biochemical nature of tight junction strands has been taken by Stevenson and Goodenough (1984) . Using mouse liver as a rich source of pericanalicular tight junctions, junctional complex-enriched fractions were obtained in the presence of EGTA by means of subcellular fractionation combined with selective detergent solubilization. After extraction of the isolated junctional ribbons with the anionic detergent sodium deoxycholate, the detergent-insoluble junctional remnants had an appearance, following negative staining, similar to that of tight juncCirculation Research/Vol. 55, No. 6, December 1984 tions in freeze-fractured whole livers. This was supported by similarities in the morphometric measurements of strand diameter and network density of the tight junctions in the two different preparations. The use of another anionic detergent, N-lauroylsarcosine, resulted in the solubilization and/or disruption of the strand network to the extent that it was no longer detectable by morphological criteria. It is possible that the latter detergent disturbed lipid protein interactions which are critical to junction structure. SDS polyacrylamide gel analysis of the deoxycholate-resistant junctional ribbons revealed two major polypeptides at 37K and 48K, in addition to a number of minor bands. Interpretation of these results was complicated by the fact that a substantial amount of fibrillar material remained attached to the cytoplasmic side of the junctional ribbon, and identification of these bands with morphologically recognizable structures within the tight junctions themselves must await immunochemical analysis.
Previous reports have indicated that calcium is important in stabilizing the structure of tight junctions (Meldolesi et al., 1978) . This question was therefore examined in preparations of hepatic tight junctions isolated in the presence of EGTA (Stevenson and Goodenough, 1984) . Neither thin-sectioned, negatively stained, nor freeze-fractured isolated tight junctions prepared under these conditions revealed any morphological alterations. These observations suggest that, in intact cells, the ultrastructural changes observed in the tight junctions following calcium chelation (Meldolesi et al., 1978) are not due to the direct removal of calcium from the junction itself, but are more likely the result of secondary cellular responses.
All the above-cited evidence indicates that proteins are important to the formation and structure of tight junctions; the role of membrane lipids, however, remains to be examined. It is conceivable that the tight junction strands represent inter-bilayer tubes of lipids in the Hn orientation. Since proteins can induce an Hn phase transition, it has been suggested that these Hn tubes within the lipid bilayers of the adjacent two cells may be induced and stabilized by specific tight junction proteins (Verkleij, 1984) .
Biological Functions of Tight Junctions
Thus far,' two important biological functions have been ascribed to the tight junction: (1) it acts as a selective permeability barrier in epithelia and endothelia, and (2) it forms and maintains structural, compositional, and functional polarity of cells. Both of these attributes are of fundamental importance in ensuring the normal biological function of epithelia and endothelia, and are reviewed below.
Permeability Barrier
Epithelia vary greatly in their ability to generate and maintain osmotic and ionic gradients between extracellular compartments. This activity is, in large part, mediated through two parallel permeation routes, each of which, by analogy with electrical circuits, can be regarded as having two resistances 727 in series. First, in the transcellular route, both the apical (R a ) and basolateral cell (R b ) membrane must be traversed (Fig. 2) . Second, in the paracellular or shunt pathway, a combination of the apical tight junction (R tj ) and the subjacent intercellular space (R jC5 ) acts as barriers to the passage of solutes and water. Furthermore, each of these transepithelial routes has attributes which can be measured experimentally: (1) permeability, which is inversely proportional to the electrical resistance, (2) permselectivity, which is a qualitative measure of the ability of the pathway to discriminate between a series of cations or anions (Powell, 1981) , and (3) hydraulic conductivity, a measure of water flow. Using transepithelial resistance measurements, epithelia have been classified by their degree of leakiness or tightness. In general, leaky epithelia are those with a tissue resistance of less than 1000 Q • cm 2 and in which the transcellular resistance is greater than that of the paracellular shunt, or in which the paracellular shunt conductance is greater than 50% of the total tissue conductance. The converse is true for tight epithelia (Powell, 1981) . Based on this physiological classification, several investigators have demonstrated a correlation between the number of tight junction strands and the permeability of the epithelium (Claude and Goodenough, 1973; Staehelin, 1974; Claude, 1978) (Table 1 ). In leaky epithelia-for example, the renal proximal tubule or the gallbladder-the average number of tight junction strands is two to four, whereas, in tight epithelia, such as those of the stomach and urinary bladder, the average number is eight or more 6 (1) 30 (2) >300 ( strands. This correlation, however, has been challenged, since, in the rabbit ileal epithelium, similar numbers of tight junction strands have been documented as in the toad bladder epithelium, and yet the tight junctions in the rabbit ileum are permeable to lanthanum, whereas those in the toad urinary bladder are not (Martinez-Paloma and Erlij, 1975) . Similarly, during the fetal development of the ovine choroid plexus, changes in epithelial permeability did not correlate with the number of tight junction strands enumerated (Mollgard et al., 1976) . This apparent lack of correlation may be due, in part, to the use of an oversimplified model of a complex system, and the substantial sampling problem inherent in the technique of freeze fracturing. This explanation is supported by an elegant study of the structural and functional heterogeneity of tight junctions in epithelial cells grown in culture in which the techniques of Fromter and Diamond (1972) were applied. The Madin-Darby canine kidney (MDCK) cell line forms in vitro monolayers, with functional properties similar to those of transporting epithelia. Using nylon discs on which monolayers of these cells had been grown, pulses of current were generated across the epithelium, and the apical surface was scanned with a microelectrode to detect points of current flow. The measurements revealed that the tight junctions were heterogeneous, with segments of high resistance interspersed among sites of high conductance. Freeze fracture replicas of these junctions showed a similar morphological heterogeneity; regions of junctions composed of eight to ten strands alternated with segments in which only one to two strands were present.
Although these studies support the concept that, within individual tight junctions, the number of strands correlates with the resistance measured across the junction itself, it is conceivable that other factors besides the number of strands may be important in determining junctional resistance. Recently, Cereijido et al. (1983) reported that changing the temperature to which monolayers of MDCK cells were exposed from 37 to 3°C resulted in a reversible increase in resistance from 63 to 193 ft-cm 2 . When the same monolayers were fixed in glutaraldehyde at either temperature, however, no difference in the number of strands was detected. These experiments should be repeated, using rapid freezing techniques on unfixed cells to eliminate the possibility that the lack of morphological correlates was the result of an artefact of glutaraldehyde fixation. Nevertheless, these data suggest that the resistive element of a junction may not necessarily be only the strand itself, but perhaps substances contained within, between, or adjacent to the strands. The temperature effect may also influence processes distal to the tight junctions. For example, at 3°C, active solute transport would be virtually nil, resulting in a collapse of the intercellular space, thereby adding to the resistance measured over the paracellular area.
Circulation Research/Vof. 55, No. 6, December 1984 A further morphological attribute of tight junctions which is of considerable importance in determining the paracellular resistance or conductance is the length of the junction as related to the unit area of absorptive surface. Assuming that cell shapes are roughly hexagonal, it can be shown that the relationship of cell size to the length of the edge of hexagonal arrays is a hyperbolic rather than a linear function (DiBona and Mills, 1979) . For example, in striking contrast to the tight epithelium of the frog urinary bladder in which there are 6.5 meters of junction/cm 2 , in the leaky frog gallbladder epithelium there are 26 meters of junction/cm 2 (Fig. 3) . Finally, in epithelia such as the renal proximal tubule, where the cell margins are convoluted within the plane of the mucosal surface, the junctional length relative to cell absorptive area is increased even more dramatically.
The permselective properties of an epithelium are determined by a combination of active transport mechanisms and passive permeation channels located in apical and basolateral cell membranes (Ussing et al., 1974) , as well as by passive paracellular shunt pathways (Diamond, 1978) . The present discussion is limited to the permselective properties of the passive shunt pathway. With few exceptions, the paracellular channels in most epithelia are cation selective; this selectivity can be altered by the passage of current (Finn and Bright, 1978) and by changes in pH (Diamond, 1978) . With decreasing pH, cation conductance decreases and anion conductance increases. In addition, as illustrated by the 5 0 M detailed studies of Olver and Strang (1974) , within a series of ions there is an ordered sequence of permeability values that coincides with sequences of ionic potency, as predicted by Eisenman (1962) . This subject has been extensively reviewed by Diamond and Wright (1969) . These sequences result from ions competing for fixed charges on membranes and for water in the immediate vicinity. As stated by Olver and Strang (1974) , 'the existence of a very high density of electrical charges on the membrane, of opposite sign to the charge on a group of ions such as the alkali metals, exerts a force on the ions sufficient to remove their hydration sheaths, so that penetration of the membrane, or of a waterfilled pathway surrounded by fixed membrane charges, takes place in an order of preference that is the inverse of the order of their naked crystal radii." In the fetal lung, for example, the permeability sequence of the pulmonary epithelium was Na + > K + > Rb + > Li + > Cs + , which is Eisenman's sequence VIII for alkali metals, and suggested the presence of fixed negative charges of sufficient strength to affect the interaction between ions and water (Olver and Strang, 1974) .
It can be inferred from this example that the intercellular channels are lined by fixed negative charges such as -COO", SO 4 , and PO 4 groups present on proteoglycans and glycoproteins of the adjacent cell membranes. Heparan sulfate covalently linked to membrane proteins (Kraemer and Smith, 1974) and sialoglycoproteins (Kerjaschki et al., 1984) are among several constituents which have been identified on epithelial cells. Furthermore, physiological evidence indicates that these intercellular channels are highly hydrated, a property consistent with the glycoprotein nature of these membrane constituents (Kottra and Fromter, 1983) . Undoubtedly, the composition of these surface-glycosylated molecules varies both qualitatively and quantitatively among epithelia differing widely in their functions. Further studies are required to define fully the composition and regulation of these important membrane constituents and their effect on the permeability of the paracellular pathway.
Maintenance of Cellular Polarity
By virtue of their continuous, gasket-like organization, tight junctions have been shown to separate two functionally distinct plasma membrane domains, thereby maintaining the structural and functional polarity of the cell. However, when tight junctions in an epithelium are disrupted, this polarity is lost (Pisam and Ripoche, 1976) . In general, enzymes involved in the uptake of substances from the external medium are found in the apical regions of the cell. These include, for example, disaccharidases (Sigrist et al., 1975) , alkaline phosphatase, and 7-glutamyltranspeptidase (Rabito et al., 1984) , Na + -dependent sugar (Chesney et al., 1974; Rabito and Ausiello, 1980) and amino acid transport systems 729 (Rabito and Karish, 1983) . By contrast, Na + ,K + -ATPase (Ernst and Mills, 1977; Rabito and Tchao, 1980) , adenylate cyclase activity (Schlatz et al., 1975) , hormone receptors (Schwartz et al., 1974) , and histocompatibility antigens (Kirby and Parr, 1979) are located on the basolateral aspect of the cell membrane.
These observations have led to the following interesting question: in epithelial cells freshly plated at confluency, does the asymmetric distribution of apically and basolaterally localized enzymes precede or follow the formation of tight junctions? In the case of Na + ,K + -ATPase, the studies of Rabito and Tchao (1980) with MDCK cells suggest that the increase in Na + -pumping sites, as measured by [ 3 H] ouabain binding, precedes the development of tight junctions. By contrast, detection of alkaline phosphatase and 7-glutamyltranspeptidase in the apical membrane of LLC-PKi cells is delayed until the tight junctions are assembled (Rabito et al., 1984) . In other words, these enzymes are inserted into the membrane after the limits of the membrane domains have been established by tight junctions. Conversely, when tight junctions are dissociated by incubating the cells in Ca ++ -free medium, alkaline phosphatase activity can be shown by cytochemical techniques to migrate freely beyond the confines of the apical membrane to cover the entire cell surface. Whereas the synthesis of these enzymes can occur in the absence of cell-to-cell contact, as mediated by tight junctions, it is profoundly influenced by the degree of cell to substrate interaction. By growing cells on substrates of poly-(2-hydroxyethylmethacrylate) of graded thickness, Rabito et al. (1984) have shown that there is a progressive decrease in enzyme synthesis as cell-substrate adhesion is reduced. From these studies, it appears that tight junctions in LLCPKi monolayers are involved in the maintenance and/or generation of the polarized distribution, but not in the modulation of the synthesis of these two apically localized enzymes.
Recent evidence from several other sources also indicates that tight junctions may not be the sole determinant of epithelial cell polarity (Chambard et al., 1981; Rodriquez-Boulan et al., 1983) . In fact, the establishment of epithelial cell polarity appears to result from cell-cell interactions, presumably mediated by tight junctions, as well as from cell-substrate interactions. The importance of cell-substrate interactions in the establishment of polarity in epithelial cells is clearly demonstrated in the experiments of Chambard et al. (1981) . When the polarized apical surface of a monolayer of thyroid epithelial cells grown on a collagen substrate is covered with a second layer of collagen, a dramatic reorganization of the cells occurs. Within 4 days, the cells rearrange themselves to form follicles between the two layers of collagen. By so doing, they once again establish an asymmetry of the environment to which the apical and basal surfaces of the cells are exposed. The apices face an internal noncollagen-containing lumen, and the new bases are in contact with collagen. This reorientation requires the disruption and reestablishment of some of the tight junctions at a different site on the cell surface. Similarly, when vesicles of free-floating thyroid epithelial cells with externally oriented apical membranes are embedded in collagen, they form follicles which result in apical membranes now oriented around a central lumen and basally oriented cell membranes exposed to collagen.
Much has been learned about the factors important in the establishment and maintenance of cell polarity by taking advantage of the polarized budding of certain enveloped viruses from the surface of cells in culture. For example, viruses such as influenza, Sendai, and Simian virus 5 bud from the free apical surface, while vesicular stomatis virions bud from the basolateral surface of MDCK cells . When tight junctions are disrupted and the infected cells are grown as single cell suspensions, viruses bud off in a nonpolarized fashion from the entire cell surface. On the other hand, if clusters of MDCK cells, joined by tight junctions, are grown in suspension, polarized virus budding is again established. Finally, if MDCK cells are sparsely plated, such that only single, attached cells are present, infection by virus will once again result in the polarized budding of viruses from the cell surface. The precise mechanism involved in the establishment of cell polarity following this cellsubstrate interaction is at present not clear. There has been speculation, however, that the circumferential bundles of microfilaments observed in these single attached cells might play a role equivalent to that of tight junctions in delimiting two distinct cell membrane regions. It is clear from these studies that both cell-substrate and cell-cell interactions mediated by tight junctions are important in segregating plasma membrane components into two distinct domains.
Although much attention has been focused on the role of tight junctions in the segregation of membrane proteins into apical and basolateral domains of epithelial cell membranes, only recently has evidence been obtained that this segregation phenomenon extends to membrane lipids as well. Taking advantage of the polarized budding of avian influenza virus from the apex and vesicular stomatitis virus from the basolateral surface of MDCK cells, van Meer and Simons (1982) showed that the phospholipid composition of these two viruses was distinctly different. On the other hand, when the two viruses were harvested from MDCK cells grown in suspension, that is, in the absence of cell polarization, the phospholipid composition of the two viruses was very similar. The relationship between the timing of tight junction formation and the development of lipid asymmetry remains to be explored.
Perhaps the best evidence that tight junctions are of key importance in the segregation of plasma membrane lipids derives from the elegant studies of Circulation Research/Vo/. 55, No. 6, December 1984 Dragsten et al. (1981 . Using fluorescein-labeled lectins and fluorescent lipid probes, photobleaching recovery measurements were made to evaluate the lateral mobility of glycoproteins and lipids, respectively, within the plane of the membrane, and to test their ability to pass the region of the tight junction. A striking difference in behavior of these two membrane components was observed. The lectin-labeled moieties were unable to move beyond the tight junctions, and, in fact, were completely immobile in terms of lateral diffusion. The fluorescent lipophilic probes, by contrast, diffused freely and fell into two categories: (1) those capable of passing the region of the tight junction by lateral diffusion in the membrane, and (2) those incapable of penetrating beyond the tight junction. The divergent behavior of these two types of lipophilic probes was best explained by the fact that those in the first category partitioned into the inner whereas those in the second group remained confined to the outer lipid leaflet of the membrane. From these observations, it is tempting to speculate that the tight junction forms a barrier to the lateral diffusion of lipids only in the outer and not in the inner lipid leaflet of the membrane bilayer. In addition, it should be noted that differences in lipid composition between apical and basolateral cell membranes may be determined solely by differences in the composition of the outer lipid leaflet of the membrane bilayer.
Regulation of Tight Junction Permeability
The high conductance of such epithelia as the renal proximal tubule (Kuhn and Reale, 1975) , the small intestine (Staehelin et al., 1969) , and the gallbladder (Diamond et al., 1971 ) is largely accounted for by the permeability characteristics of the paracellular route. As a result, much attention has been focused on the permeability properties of the tight junction as the rate-determining factor in transepithelial permeation. Since the properties of tight junctions are altered by physiological requirements (Pitelka et al., 1973) , fetal maturation (Schneeberger et al., 1978) , pathological conditions (Robenek et al., 1979) , and experimental challenge (Erlij and Martinez-Paloma, 1972; Bentzel et al., 1980; Duffey et al., 1981; Kachar and da Silva, 1981) , the conclusion has been drawn that the resistance of the tight junctions can be modulated so as to regulate transepithelial fluxes through the paracellular route. Studies carried out on the Necturus gallbladder (Bentzel et al., 1980; Duffey et al., 1981; Palant et al., 1983) , the mammalian small intestine (Madara, 1983) , guinea pig acinar cells (Meldolesi et al., 1978) , and on MDCK cells in culture Meza et al., 1980) , suggests an important role for Ca ++ , cAMP, and cytoskeletal elements in the regulation of tight junction structure and function.
When EGTA, a Ca ++ chelator, was added to a Ca ++ -free bathing medium, a reversible decrease in transepithelial resistance in both tissues (Meldolesi et al., 1978; Palant et al., 1983) and MDCK cells in culture , and similar observations have been made in tight epithelia such as the frog cornea (Candia et al., 1977) and the rabbit colon (Frizzell, 1977) . By contrast, in the Necturus gallbladder (a relatively leaky epithelium), an increased transepithelial resistance was measured which was accompanied by increased numbers of fibrils within the tight junctions (Palant et al., 1983) . This apparent discrepancy may be due to an additional effect of A21387 involving the stimulation of ion secretion. Since tissue resistance in tight epithelia is determined largely by membrane conductance, rather than by paracellular pathway resistance, stimulation of ion secretion would result in a decrease in epithelial resistance. In leaky epithelia, on the other hand, most current is shunted through the paracellular route, making this pathway the major determinant of tissue resistance. Clearly, the role of Ca ++ in the regulation of tight junction permeability requires further study.
The cytoskeletal system has been shown to regulate the distribution of certain integral membrane proteins. More specifically, a-actinin has been observed at sites of apparent attachment of microfilaments to plasma membranes (Lazarides and Burridge, 1975) , and this protein has been visualized in the cytoplasmic region adjacent to the tight junction of intestinal epithelial cells (Craig and Pardo, 1979) . It was, therefore, resonable to ask whether tight junction structure and resistance might be regulated by the cytoskeleton. To test this hypothesis, a variety of agents which alter microfilament function have been used. As with the Ca ++ ionophore, the effect of these agents varied with dose, tissue, and the specific analogue selected, thereby complicating the interpretation of results. For example, the addition of cytochalasin B to the culture medium of confluent MDCK cells opened the tight junctions and prevented their resealing if they had been previously 731 opened by the removal of Ca ++ . The effect of cytochalasin B on the Necturus gallbladder was similar to that on the MDCK cells at doses in excess of 1.5 /*M, but an increase in resistance was measured at concentrations below 1.5 fiM (Bentzel et al., 1980) . The use of a variety of cytokinins in the Necturus gallbladder resulted in an increase in the resistance (Bentzel et al., 1980) , but no change was observed in the baseline resistance of guinea pig jejunal epithelium (Madara, 1983) . In further experiments, the addition of cAMP analogues to the mucosal surface of the Necturus gallbladder resulted also in a 50% increase in transepithelial resistance and a 40% increase in junctional depth, as determined by freeze fracture (Duffey et al., 1981) . The exact mechanism by which cAMP modulates tight junctions was not defined, but presumably it reacted in some way with the cellular cytoskeleton. Whereas further studies are required to establish the precise role of microfilaments in the regulation of tight junction structure and function, it is possible that they are involved in the movement of proteins important in junction formation. Indirect evidence of this has been obtained by Madara (1983) . When the guinea pig jejunal epithelium is exposed to hyperosmotic loads, the rise in transepithelial resistance is accompanied by an increase in strand counts and junction depth. By cooling jejunal epithelium to temperatures below that which induced a Iipid phase transition of absorptive cell basolateral membranes, the rise in the osmotically induced tight junction resistance and strand number was prevented. Presumably, the transition of Iipid to a gel state interfered with the lateral mobility of junction proteins. These data do not, however, exclude a role for Iipid micelles in the formation of tight junctions (Verkleij, 1984) .
Conclusions
The tight junctions between cells are of key importance in establishing a permeability barrier across epithelial and endothelial cell layers, and may be of great importance in establishing and maintaining structural and functional polarity of these cells. Their biochemical composition, which may include both protein and lipids, remains to be established. The assembly, maintenance, and regulation of tight junction structure and function appear to be under the control of the cells' cytoskeleton, but the precise mechanisms involved require further study. Clearly, the biochemistry and cell biology of this specialized region of plasma membrane, known as the tight junction, represents a challenging area of further research.
